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Abstract
In this work, SiC particles were incorporated into nickel phosphorus (Ni–P) alloy matrix by direct current plating and the effects of current
density and SiC concentration on the compositions and the microhardness of the Ni–P–SiC deposits were investigated. The results reveal that
increasing the current density or the SiC concentration in the bath increases the SiC content in the deposit. Adding SiC to the Ni–P alloy matrix
substantially reduces the residual stress in the deposit and, therefore, eliminates surface cracking. SiC also greatly lowers the phosphorus
content in the deposit and then increases the hardness to a maximum of 770 Hv when the mass fraction of phosphorus in the deposit is about
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d.7%. At higher phosphorus content, the deposits are associated only with grains with the (1 1 1)Ni preferred orientation. When the phosphorus
ontent is close to or under 3.7%, the structure becomes more random and includes (2 0 0)Ni and (2 2 0)Ni planes.
2005 Elsevier B.V. All rights reserved.
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. Introduction
Electroplating has typically been used in the surface treat-
ent industry. Recently, the bottom-up process and integra-
ion using thick-film lithography technology has led to elec-
roplating showing great potential as a process for forming
icro/nano structures such as tin–lead (Sn–Pb) solder bumps
n semiconductors. However, most mature micro/nano struc-
ure electroplating technologies involve soft pure metals or
lloys such as nickel, copper, gold, Sn–Pb alloy and others.
arge residual stress prevents electrodeposited hard materi-
ls, like chromium and nickel phosphorus (Ni–P), from being
uccessfully used to manufacture high-strength, high-aspect-
atio micro/nano structures. Therefore, reducing the residual
tress and increasing the hardness of the deposit are important
or electroplating micro/nano structures.
Ni–P alloy coatings have attracted attention due to their
ood mechanical and chemical properties including high
ardness, high strength, high corrosion resistance and good
∗ Corresponding author. Tel.: +886 3 5918661; fax: +886 3 5826104.
wear resistance among others [1,2]. Ni–P deposits are amor-
phous when the mass fraction of phosphorus is about 8%
[3]. The hardness of the deposit increases with the phospho-
rus content below this value but decreases as the phospho-
rus content increases further [4,5]. However, most Ni–P al-
loy coatings have been produced by electroless plating and
some research has been undertaken on electrodeposition from
Watts or sulfmate baths. The residual stresses of these de-
posits range between 180 and 250 MPa [6]. These values must
be reduced to yield satisfactory micro/nano structures.
Table 1 shows the two proposed mechanisms of the Ni–P
codeposition reaction. In the direct mechanism [7], the phos-
phorous acid in the bath is directly reduced to the elemental
state and codeposited with Ni. However, in the indirect reac-
tion mechanism [8], phosphorous acid is initially reduced to
phosphine (PH3) and then reacted with Ni2+ to produce both
nickel and phosphorus in the elemental state. Accordingly, the
H+ concentration in the bath substantially influences phos-
phorus deposition.
A study on Ni–P–Si3N4 composite deposition revealed
that increasing the Si3N4 content in the deposit greatlyE-mail address: minchie.chou@msa.hinet.net (M.-C. Chou). increases the hardness and that the wear resistance of
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Table 1
Reaction mechanism for Ni–P deposition [7,8]
Anodic reactions (at platinum electrode)
2Cl−→Cl2 + 2e−
2H2O→O2 + 4H+ + 2e−
H3PO3 + H2O→H3PO4 + 2H+ + 2e−
Cathodic reactions for indirect mechanism
6H+ + 6e−→ 6H
H3PO3 + 6H→PH3(g) + 3H2O
2PH3(g) + 3Ni2+ → 3Ni + 2P(s) + 6H+
3Ni2+ + 2H3PO3 + 6H+ + 12e−→ 3Ni + 2P(s) + 6H2O (overall reaction)
Cathodic reactions for direct mechanism
H3PO3 + 3H+ + 3e−→P(s) + 3H2O
Cathodic reactions, the rest
Ni2+ + 2e−→Ni(s)
2H+ + 2e−→H2(g)
Ni–P–Si3N4 composite deposit is four times higher than that
of the Ni–P deposit [9]. Other articles [10–12] described that
the addition of hard microceramic particles into the metal
matrix can improve its hardness and wear resistance. These
phenomena are mainly attributed to the hardening of the metal
matrix by finely dispersed ceramic particles. Dispersed ce-
ramic particles weaken the plowing effect and adhesive wear
and retard the grain growth in the matrix at elevated tem-
perature, so good mechanical properties can be sustained.
However, the particles should be smaller than roughly a mi-
cron and the particles must be uniformly dispersed to exhibit
the dispersion-hardening effect [13].
When sub-micron or nanometer ceramic particles are used
to form composite deposits, the mass fraction of the particles
may be as low as 0.7% [14,15,16]. An investigation [17] on
Ni–Al2O3 composite electroplating revealed that the Al2O3
particle content in the deposit with 10m Al2O3 was four
times that with 0.3m Al2O3. While Al2O3 microparticles
aggregate easily in the bath [18], our previous work [19]
demonstrated that applying an ultrasonic oscillation to the
bath could more efficiently improve the dispersion of nano
Al2O3 than applying a surfactant.
This study develops the electrodeposition of Ni–P–SiC
composite in a sulfamate bath with the addition of sub-micro
SiC ceramic particles. The effects of current density and SiC
concentration on the residual stress, the microhardness, the
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Table 2
Bath composition and operating conditions
Composition
Ni(SO3NH2)2 (M) 1.28
NiCl2·6H2O (M) 0.04
H3BO3 (M) 0.65
H3PO3 (M) 0.12
SiC (0.3m) (g L–1) 0, 1, 10
Operating conditions
Temperature (◦C) 60
pH 1.5
Current density (A dm–2) 2–20
Anode Nickel plate
operating conditions. The anode was a high-purity nickel in-
got with an effective area of 110 mm× 60 mm. The plating
bath was mixed with SiC powder of size 0.3m, magnetically
stirred for 12 h and then ultrasonically agitated for 20 min just
before electroplating. The agitation was expected to disperse
SiC particles uniformly in the electroplating bath to increase
the particle content and the dispersion of the particles in the
electroplated composite.
The stress in the deposit was measured in situ using a
spiral contracto-meter (Yamamoto). Samples for microhard-
ness, composition and microstructure analysis were elec-
trodeposited on copper foils with an area of 50 mm× 60 mm.
The thickness of the deposit exceeded 50m. Crystalline
phases of the as-deposited layer were identified by X-ray
diffractometry (XRD, PW3710, Philips). Cross-sections of
the deposits were ground and polished with an alumina sus-
pension. The SiC distribution of these samples was examined
using a scanning electron microscope (SEM, Hitachi S-3000
and JOEL JSM 6500F) in back-scattering electron (BSE)
mode. The surfaces of the deposits were also polished and
etched to reveal the metallurgical microstructure. The etching
solution comprised 50 mL nitric acid and 50 mL acetic acid.
The chemical compositions of the deposit were measured us-
ing an electron probe microanalyzer (EPMA, JXA-8800M)
and expressed as a mass fraction (%). Three measurements
were made and averaged. The hardness of the cross-section
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tompositions and the microstructures of the deposits are ex-
mined. The goal is to produce Ni–P–SiC composite with
igh hardness, low residual stress and high thermal durabil-
ty.
. Experimental
The plating bath contained nickel sulfamate as the Ni
ource, phosphorous acid as the P source, boric acid as the
uffer solution and nickel chloride to prevent the anode from
eing passivated. Table 2 presents the bath composition andf the deposits was measured by a Vickers microhardness
ester (TECH FM-100e) with a load of 100 g and lasted for
5 s. Ten measurements were made and averaged.
. Results and discussion
.1. Residual stress
Fig. 1 shows the correlation between the residual stress
n the deposit and the current density at various SiC con-
entrations in the electroplating bath. Increasing the current
ensity increases the stress in the Ni–P deposit without incor-
orated SiC particles. The figure clearly shows that adding
ub-micron SiC particles into the bath substantially reduces
he residual stress in the Ni–P–SiC deposit. Fig. 2 presents
he surface morphology of the Ni–P–SiC composite layers
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Fig. 1. Residual stress in the deposit vs. current density at various SiC con-
centrations.
deposited with a high current density. When 1 g L–1 SiC was
present in the bath, the deposit cracked seriously as the cur-
rent density increased to 20 A dm–2, as shown in Fig. 2(a and
b). Increasing the SiC concentration to 10 g L–1 significantly
eliminates the surface cracking of the deposit even at a current
density of 20 A dm–2, as shown in Fig. 2(b and c).
The variation of the residual stress in the Ni–P deposit
with current density is attributable to the fact that at a higher
current density, atoms are more rapidly deposited onto the
surface of the deposit. Consequently, the additional lattice
mismatch increases the residual stress. Besides, stress in the
deposit originates from the codeposition of hydrogen and
metal during electrodeposition [20]. Increasing the current
density causes more nascent hydrogen to be accumulated at
the cathode surface before it is evolved, increasing the stress.
3.2. SiC content, phosphorus content and hardness
Fig. 3 shows how current density and SiC concentration
affect the SiC content in the deposit. Increasing the current
density or the SiC concentration can increase SiC content
in the deposit. Fig. 4 presents the relationship between the
phosphorus content in the deposit and the current density at
various SiC concentrations. The phosphorus content in the
deposit decreases as the current density increases. Notably,
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Fig. 2. Surface morphology of Ni–P–SiC composite layers deposited at var-
ious current densities and SiC concentrations with the area of 3 cm× 6 cm:
(a) 5 A dm–2, SiC 1 g L–1; (b) 20 A dm–2, SiC 1 g L–1; (c) 20 A dm–2, SiC
10 g L–1.
Fig. 3. SiC content in the deposit with current density at various SiC con-
centrations.dding SiC particles to the bath drastically reduces the phos-
horus content in the deposit. Fig. 5 shows the microhardness
f the deposit against current density and SiC concentration.
hen no SiC particles are added, the microhardness of the
i–P deposit increases with the current density. When the SiC
oncentration is 1 g L–1, the microhardness increases sharply
ith the current density up to 10 A dm–2. When the SiC con-
entration increases to 10 g L–1, the microhardness declines
s the current density increases. Fig. 6 is the graph of the mi-
rohardness in Fig. 5 versus the SiC content in the deposit in
ig. 3. Adding SiC content to the deposit initially increases,
nd then reduces, the microhardness of the deposit. Fig. 7
resents a graph of the microhardness versus the phospho-
us content in the deposit. The microhardness increases to a
aximum of 770 Hv when the mass fraction of the phospho-
us is about 3.7%. The hardness decreases rapidly in both the
irections away from this point. This phenomenon is similar
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Fig. 4. Phosphorus content in the deposit vs. current density at various SiC
concentrations.
Fig. 5. Microhardness vs. current density at various SiC concentrations.
to that exhibited by the Ni–P alloy deposit with no incorpo-
rated SiC particles [4,5], as indicated above. However, the
hardness is maximal at a phosphorus mass fraction of 7%.
Reducing the phosphorus content in Ni–P deposits with
no added SiC, shown in Fig. 7, increases the hardness. When
SiC particles are added into the bath, as indicated in the previ-
ous paragraph, SiC particles might absorb hydrogen ions near
the cathode and prevent them from being reduced to nascent
hydrogen. Considering the indirect reaction mechanisms for
Ni–P codeposition reveals that the hydrogen ions absorbed
by SiC may prevent the phosphorous acid from being reduced
to phosphorus, decreasing the phosphorus content and indi-
rectly increasing the hardness of the deposit. However, owing
to the decrease in the residual stress, the addition of SiC may
also decrease the hardness to some degree.
F
Fig. 7. Relationship between microhardness and phosphorus content in the
deposit.
3.3. Calculation
In short, the SiC and phosphorus content in the Ni–P–SiC
composite deposit markedly affects the hardness. The data
in Figs. 3–5 and the curve fitting method yield the following
Fig. 8. X-ray diffraction pattern of the Ni–P–SiC deposits that contain var-
ious amounts of phosphorus.ig. 6. Relationship between microhardness and SiC content in the deposit.
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equation:
H = 3.75P2 − 67P − 81.43S + 958
where H is the Vickers hardness of the deposit, P is the phos-
phorus content and S is the SiC content in the deposit. Both
P and S are given as mass fractions (%).
The values calculated from this equation fit the experimen-
tal data well except when the phosphorus contents are about
3.7%, as shown in Fig. 7. The fact that the coefficient of the S
term is negative implies that as the phosphorus content varies
over a small range, the addition of the SiC content does not
improve the hardness. However, the decline in the residual
stress reduces the hardness, just as in the deposit from the
bath that contains 10 g L–1 SiC, in Figs. 6 and 7. SiC par-
ticles in the Ni–P–SiC deposit appear not to exhibit strong
dispersion-hardening as expected and so do not directly im-
prove the hardness.
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3.4. Microstructure
Fig. 8(a–c) presents the X-ray diffraction patterns of the
deposits with the mass fractions of phosphorus above, near
and below 3.7%, respectively. Apparently, in all of the de-
posits, most of the (1 1 1)Ni planes are oriented parallel to the
surface of the deposit. When SiC particles are added, the half
peak breadths for the (1 1 1) plane in the Ni–P–SiC depositsig. 9. SEM micrographs of the polished and etched surfaces of the deposits:
a) Ni–P deposits with 8.8% phosphorus and no SiC particles; (b) Ni–P–SiC
eposit with 3.7% phosphorus.
F
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1ig. 10. SEM micrographs of the polished cross-section of the Ni–P–SiC
eposits at various current densities and SiC concentrations (×2KX): (a)
0 A dm–2, SiC 1 g L–1; (b) 20 A dm–2, SiC 10 g L–1; (c) 5 A dm–2, SiC
0 g L–1.
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are almost the same, irrespective of the SiC or phosphorus
content, and are smaller than that in the Ni–P deposit with
no SiC (see Fig. 8(a)). The (2 0 0)Ni and (2 2 0)Ni diffraction
lines emerge as the phosphorus content decreases to about
3.7%. These peaks grow further as the phosphorus content
decreases, as shown in Fig. 8(b and c).
The Scherrer equation reveals that the narrower peak in the
Ni–P–SiC deposits corresponds to a larger grain size and/or a
lower stress. In fact, a lower stress was measured, as shown in
Figs. 1 and 2. The SEM micrographs, taken from the polished
and etched surface of the deposits, reveal that the microstruc-
tures of the Ni–P deposits containing 8.8% phosphorus and
no SiC particle have no grain boundary; see Fig. 9(a). By con-
trast, the microstructure of the Ni–P–SiC deposit containing
3.7% phosphorus comprised definite equiaxial grains with
the average size of about 10m; see Fig. 9(b).
Fig. 10 presents SEM micrographs of the polished cross-
section of the Ni–P–SiC deposits. It displays the distribution
of SiC particles in the alloy matrix. Comparing Fig. 10(a)
with Fig. 10(b) shows again that the SiC content in the de-
posit increases with the SiC concentration in bath; comparing
Fig. 10(b) with Fig. 10(c) reveals that increasing the current
density can increase the SiC content in the deposit. Most im-
portantly, however, the sub-micron SiC particles aggregate
severely into large clusters in the Ni–P–SiC deposit, even
though the ultrasonic agitation was used intentionally to dis-
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bath, sub-micron SiC particles aggregate into large clus-
ters in the Ni–P–SiC deposit. Therefore, SiC particles
in the Ni–P–SiC deposit are not effective in dispersion-
hardening, as expected, and so do not directly increase
the hardness.
(3) Increasing the current density or the SiC concentration
in the bath can increase the SiC content and reduce the
phosphorus content in the Ni–P–SiC deposit. Increasing
the SiC content in the deposit increases the microhard-
ness of the deposit to a maximum of 770 Hv and reduces
the mass fraction of phosphorus to about 3.7%; the hard-
ness decreases.
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